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[If "If IIPIN WMHIS
 

 @ INIHIIIIIIIIIIIIN ANII SIIMMMII
 
INTRODUCTION
Chapter 5 presents the open lake characteristics of Lake Superior. The
chapter is divided into six sections: physical limnology, sediment character-
istics, chemical limnology, aquatic biology, bacteriological baseline, and the
fisheries.
SUMMARY
While limnologists have yet to agree on a quantified scale to describe
the trophic state of a lake, the open waters of Lake Superior constitute a
classical example of an oligotrophic lake. The great mean depth (145 m) and
geographical location result in a mean lake temperature nevergreater than 6°C
and in a massive hypolimnion volume. Anthropogenic influences are detectable
only in the embayment areas although toxic contaminants have invaded the
biological system of the entire lake. The open lake trophic state remains
essentially as it existed at the time of first description by Agassiz (l) in
the mid—nineteenth century. In the vicinity of Montreal Island, Agassiz
stated ”. . . we tried an experiment as to its transparency, [the water] by
lowering a tin cup at the end of a fishing line. It went out of sight at‘
forty—two feet." Secchi depth measurements of 12 m are common in the area
today.
PHYSICAL.LIMNOLOGY
The hydrologic setting of the basin, where the lake volume is large rela—
tive to the basin drainage area, results in a very long flushing time of about
175 years. However, semi—annual vertical mixing episodes and strong horizontal
currents during the stratified periods in the lake result in relatively rapid
internal mixing, having a scale of a few years. Thelake thus reaches equilib—
rium with increases in loading relatively quickly (order of a decade) but
would be able to respond to load reductions only very slowly (order of two
centuries). This factor illustrates the extreme importance of maintaining the
high water quality because recovery from damage would require a very long
time.
CHEMICAL LIMNOLOGY
The chemical composition of Lake Superior waters reflects the geologic

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































rarely exceed lOO/mk. The latter show higher levels in the zones near Duluth-
Superior Harbor and Thunder Bay in response to the greater biological produc-
tion in those zones.
246
SEDIMENT CHARACTERISTICS
The surficial sediment distribution in Lake Superior can be related to
the post—glacial evolution of the basin. Comparison of composition of recent
sediments with the older deeper sediments allows identification of those ele—
ments showing influences of man's activities in the basin. It has been shown
that enrichment of mercury, copper, and lead has occurred with possible increases
also for zinc and cadmium.
The distribution of zones of enriched sediments gives an indication of
areas impacted by particular sources. The most pronounced such influence is
the prior source of mercury from the Thunder Bay area. These enriched sediments
have moved southwestward in the Thunder Bay Trough where they are now buried
beneath the tailings deposits from the taconite processing plant at Silver
Bay.
The organic carbon level in sediments of Lake Superior is low; strongly
oxidizing conditions generally prevail. The surface sediments are high in
total phosphorus bound in iron—rich layers which effectively prevent release
of phosphorus to the overlying waters. The sediments act as an effective
phosphorus sink for the lake.
TOXIC CONTAMINANTS
The most evident impact of man's activities on the open waters of Lake
Superior is found in the toxic contamination of the biological system.
Levels of mercury, PCB's, and pesticides found in the tissue of fish sampled
at several open-water areas of the lake were sufficientlyhigh to be cause for
concern and, in some cases, exceeded the guidelines for safe human consump—
tion. Sources of this contamination are not evident in all cases nor are the
transport pathways well understood.
ASBESTOS FIBRES
Anthropogenic influences have also apparently altered the concentrations
of asbestos fibre content of the open-lake waters. Large quantities of fibres
are released from the taconite processing plant at Silver Bay and a portion of
these become mobile in the general lake circulation. Other fibres present
have a natural origin but are distinguishable from those of taconite origin.
Concentrations in the open—lake waters were found to range from 0.1 to 87 x
lOe/l, but variances were large so that spatial patterns were not identifiable.
247
 
   
 ﬂ PHYSIIM IIMNIIIIIEI
This section discusses the characteristics of the physical limnology of
Lake Superior as a whole with the objective of providing background for ad-
dressing the Reference Questions and, in particular, those relating to trans-
boundary movement of materials in the lake. Included below are discussions of
many physical processes and characteristics which do not directly influence
the water quality of the lake but, in each case, these processes are intimately
connected with biochemical processes and factors bearing on water quality
criteria and guidelines for Lake Superior and, hence, are relevant to this
report.
SIGNIFICANCE OF PHYSICAL STUDIES
The results of studies in physical limnology, which is primarily concerned
with interactions between lakes and the overlying atmosphere, have wide
ranging application. For example, there is a continuing requirement for
knowledge directly impacting on the safety of man and on his commerce and
recreation. Included here would be information on currents, storm surge
events, wave climate, the occurrence of fog, and prediction of ice conditions.
On the other hand, a general understanding of the temperature and current
patterns in a lake is necessary for water quality assessments and for pollution
impact studies. Chemical reactions, bacterial action, and biological processes
are temperature dependent. The formation of the summer thermocline can effec-
tively seal the hypolimnion from a source of oxygen and isolate the epilimnion
from a supply of nutrients. Currents transport suspended particles into and
out of a region. Sedimentation and sediment patterns are affected by the
local circulation. Currents also transport both plankton and nekton species,
thereby determining in part the productivity and general ecology of a region.
Finally, nearshore circulation and temperature structure information are
necessary to help determine the effect of a pollution load to a particular
region.
The sections which follow treat first the water budget, that is, those
factors affecting the amount of water in the lake and the flushing time.
Next, the heat balance is discussed in order to emphasize the influence of the
large surface area and great mean depth of Lake Superior on its physical
characteristics. Then the close relationship between temperature structure
and water transport in the lake is described. Finally, the optical char—
acteristics are reviewed.
249
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vertical mixing or of mixing between the nearshore zone and mid—lake, and
influence the flushing characteristics of regions or the lake as a whole.
Thus, water quality concerns, such as dispersion of waste heat or of mate—
rials introduced to the lake, or the growth rate and distribution of nuisance
algae, cannot be properly addressed withOut reference to thermal characteristics.
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LAKE SUPERIOR: SEASONAL CYCLE OF HEAT CONTENT PER UNIT AREA;
BASED ON ALL AVAILABLE TEMPERATURE DATA IN CCIW FILES.
The annual heat income (the difference between maximum and minimum
heat contents) is 64,800 cal/cmz.
 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































J J A S O N D
FIGURE 5.1-2-
LAKE SUPERIOR:
TEMPERATURE (TRIANGLES) AND VOLUME MEAN TEMPERATURE











































value plotted without regard to year of observation. The curves labelled
"range" define the approximate limits within withlthe lake-wide average
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demand (BOD) in the deep water due to a spring peak of productivity in the
surface waters. Secondly, the relative shortness of the summer stratified
period (about four months for Lake Superior versus five months for Lake Ontario)
in principle results in a lower seasonal BOD per unit area of the hypolimnion.
In addition, the BOD per unit volume would be low because of the relatively
large thickness of the hypolimnion. Thus, because of its depth and mixing
characteristics, Lake Superior has the largest capacity for stress measured in
terms of BOD; however, because of the same characteristics, measurement of any
change or trend in BOD for that lake is most difficult.
HORIZONTAL TEMPERATURE PATTERNS
The foregoing paragraphs relate to lake-wide average temperatures without
regard to nearshore—mid lake differences. As will now be outlined, such
differences are characteristic of Lake Superior, are related to local depth
and distance offshore, and suggest a regional approach for interpretation of
water quality data.
Significant features of the horizontal distribution of surface layer
temperature are summarized in Figure 5.1-4 which shows a regional classifi-
cation for the lake based on all temperature information collectedbetween
mid—May and late November, 1973 (5). The regional pattern matches well the
pattern of lake segments used for preSentation of information in this report
(Figure 5.3—1).
Differences among the seven regions shown in Figure 5.1-4 are due to
differences in the local seasonal cycle of heating and cooling of the upper
layer; in particular, the classification scheme accounts for areal variations
in the magnitude and time of maximum summer temperature.
Thus, surface temper-
ature rises relatively rapidly and attains the highest values in Region I
(Whitefish Bay), while spring warming is slow and maximum summer temperature
is relatively low in Region VI (mid-lake).




































































































































































































AREA WEIGHTED MEAN TEMPERATURE (°C) OF THE UPPER 10 M
OBSERVED ON SIX SURVEYS OF LAKE SUPERIOR DURING 1973a
   
Lake May 12- June 15— Jul 27- Sep 6— Oct 14— Nov 20-
Segment May 22 June 27 Aug 7 Sep 16 Oct 25 Nov 28
1 2.94 8.69 15.04 12415_ 13.65 Z492
2 2.22 4.71 12.58 16.42 12.03 7.19
3 2.12 3.56 10.43 12.71 10.08 5.36
4 gijgg 3.32 9.86 11.17 8.19 5.07
5 2.04 3419 11.25 2.35 6419 4.41
6 2.29 3.67 13.03 10.53 7.25 52331
7 3.79 7.71 13.58 15.00 7.66 4.31
8 3.91 7.99 14.31 13.88 8.12 4.58
9 4:31 QLQZ 10.26 15.90 9.76 4.91
10 2.54 4.03 9.50 15.02 8.92 5.31
11 2.80 6.46 14.50 16.65 11.36 6.44
12 2.40 4.20 12.87 14.46 9.35 5.83
13 2.22 3.25 1.86 13.03 8.63 5.37
14 2.53 4.24 10.61 12.32 7.75 4.49
Thunder Bay 2.81 8.44 9.51 13.32 8.04 4.69
Average for 2.47 4.31 10.10 13.43 8.90 5.32
all segments
 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































regions in Figure 5.1-4 is that currents are stronger along the south shore
than elsewhere in the lake, and are maximal adjacent to the north side of the
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LAKE SUPERIOR: MID-LAKE UPWELLING INDICATED BY HE
DIFFERENCE BETWEEN DISTRIBUTIONS 0F TEMPERATURE UPPER)
AND NITRATE- NITRITE (LOWER). A vertical section which extends
100 km from the south shore to the middle of the eastern basin.
263






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 0.34 0.34 0.34 0.35 0.29 0.33 0.30 0.32 0.23 0.24 0.55 .60
5 0.09 8 0.12 8 0.08 8 0.08 6 0.04 5 .18
2 0.23 0.23 0.25 0.23 0.22 0.34 0.18 0.22 0.24 0.21 0.32 .37
7 .06 8 0.06 8 0.03 8 0.05 7 0.07 7 .06
3 0.34 0.28 0.28 0.29 0.34 0.35 0.26 0.30 0.25 0.24 0.33 .38

























































































































































8 0.04 8 0.05 8 0.08 8 0.05 8 0.11 8 .09
11 0.31 0.30 0.28 0.27 0.23 0.29 0.20 0.26 0.29 0.31 0.36 .39





























































































































WHOLE 0.62 0.29 0.48 0.30 0.35 0.36 0.31 0.26 0.44 0.31 0.70 .36
LAKE 117 1.60 142 0.78 143 0.33 144 0.42 109 0.64 120 2.17
 






























































































































































































































































































































































































































 The highest turbidity values are found at the very western end near Duluth
(zone 7). The other zones at that end of the lake (6, 8, and 9) have also higher
turbidities than the main body of the lake (zone 13), but the turbidity levels
decline quite rapidly away from zone 7. Whitefish Bay and the area along the
northeast shore have levels that are only slightly higher than that of the largest
mid—lake zone, 13.
The high turbidity values in the Duluth area are due to suspended red clay
from bank erosion and stream outflow, and resuspension from the lake bottom (17),
although this zone also has the highest chlorophyll a levels (22), indicating
the presence of considerable amounts of particulate organic matter.
The contribution to lake turbidity in this zone has been estimated by Sydor
(17) to be about 55% due to shore erosion, 37% due to resuspension and 8% due































































































































than 14 mg/R, whereas further out the level is between 1 and 4 mg/R.












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the primary production and chlorophyll a levels reach a peak in September (22),
which is the time when the turbidity reaches a minimum. Although cycles in
water transparency are observed in the south Shore segments 9, 10, 11, and
12 that are in phase with the biomass cycle, it may be concluded that biological
activity does not contribute in a major way to seasonal turbidity variations.
The more likely causes are resuspension by spring and fall storms of bottom
material near the shores, shore erosion, stream runoff during the same periods,
and the dispersal of this material throughout the whole lake. In general, these
data indicate that mid-lake areas of Lake Superior are only minimally influenced





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































AVERAGE ASBESTOS FIBRE CONCENTRATION BY CRUISE FOR 1973
 
CCIW ASBESTOS FIBRE CONCENTRATION
CRUISE
NUMBER AVERAGE STANDARD DEVIATION NO. OF SAMPLES
306a 3.5 x 106/2 3.6 x 106/2 24
310b 7.4 x 106/9, 7.6 x 106/3 17
312 8.9 x 106/2 7.9 x 106/1 8
313 1.3 x 105/2 0.9 x 106/2 16
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(solid line) is higher than the expected temperature (broken






In order to elucidate baseline conditions in Lake Superior some knowledge
of the sediment distribution and composition is essential. Such conditions
established at the time of sampling provide a reference against which future
trends in lake water quality may be measured (for example, Kemp, et al.) (1).
A detailed evaluation of the data may further provide some indication of the
source, dispersal, and final sink of chemical elements, particularly relevant in
terms of nutrients and toxic tracemetals.
This section provides first a description of the distribution of surficial
sediment material, second a statistical tabulation of parameters measured based
on a system of lake sectorization defined by sediment character, and finally a
brief review of some of the highlights observed in the interpretation of the
data base.
METHODS
Samples were collected in the early summer of 1973 using a Shipek grab
sampler on the intercepts of a Universal Transverse Mercator Projection 10 km
square grid (2). The surficial 3 cm of sediment from the grab sampler was Sub-
sampled, from which an aliquot waskept wet for particle size analysis and the
remainder freeze-dried for subsequent geochemical analysis. Major elements were
analyzed by X—ray fluorescence spectrometry, trace elements by atomic absorption
spectrophdtometry after acid extraction, and organic and inorganic carbon by
Leco induction furnace carbon analyzer.
POST—GLACIAL EVOLUTION OF THE SUPERIOR BASIN
An overview of the post-glacial development of the Great Lakes Basin has
been given bySly and Thomas (2). The first area of the Superior basin to
become ice-free was around Duluth where a high level lake, Lake Keweenaw, at
about 331 m above present sea level was believed to have been ponded. A Sub-
sequent ice advance (Valders) completely refilled the basin and it is only after
this event that the recent sedimentary record can be clearly defined. With
retreat of the Valders ice, Lake Duluth was formed in the location of the
earlier Lake Keweenaw, draining westwards through high level outlets near
Duluth. With continued ice retreat lower outlets were established, initially
at the north end of Green Bay and subsequently at Sault Ste. Marie. These
outlets resulted in the lowering of levels in Lake Minong (post Lake Duluth)
which in turn led to the low level lake phase, Lake Houghton. With isostatic
crustal rebound, outflow sills in the Huron basinwere raised and water depths












































































































































































































































































































































































































































































































































































































































































































































































































































































































non-depositional or erosive conditions at this sediment/water interface.
The glacio—lacustrine clays outcrop around the periphery of the lake and
in some offshore regions, in particular on the Keewanaw—Superior sill from the
Keweenaw Peninsula to Superior shoal (Figure 5.2—2), usually overlying the
till deposits.
BASIN MUDS
Mud, by definition, implies an undefined mixture of silt and clay. The
term is used hereto define silty clays and clays which represent present-
day fine-grained sediment accumulation in the lake. In Lake Superior these

































































































 the Great Lakes. They are low in organic matter and are compact, due to the
low productivity of the lake waters and a slow rate of sediment accumulation.
The muds showsimilar characteristics to the glacio—lacustrine clays and show
a colour changefrom red in the south to light grey or grey in the north.
They differ distinctly from the dark grey to black soft textured recent sediments
so typical of the other lakes. Basin muds in Lake Superior are further char—
acterized by black (manganiferous) and ochre (limonitic) hard bands occurring
at a sediment depth of 2 to 6 cm. These bands have been described in detail
by Sly and Thomas (2) who attribute their origin to precipitation of upward
diffusing manganese and iron under the highly oxidizing conditions occurring
in the sediments of Lake Superior.
The basin muds occur throughout the deep water regions of the lake in a
series of inter-connecting bathymetric deeps which are hereafter defined as
sub—basins.
SANDS
Major sand accumulations were not observed in the open lake waters, and
within the constraints of the sampling grid, bodies of accumulating sand were
noted only at two localities. These are shown in Figure 5.2—1 in the extreme
southwest, as an offshore extension of the Duluth-Superior Harbor sand bar and
the outer periphery of the Apostle Islands. Vessel draft and sample grid
prohibited observation and sampling of nearshore bars and general offshore
beach extensions.
The bathymetry of Lake Superior shows a natural sub—division into two
regions either side of a north-south dividing line extending from Marathon to
the Keeweenaw Peninsula. To the west of this line the topography is generally
of gentle relief with well defined basin deeps, generally alignednorth-east
to south-west. To the east the basin topography is exceedingly complex with
deeps occurring in trench-like forms aligned north to south. These forms have
been discussed by Farrand (4). In general the sediment distribution (Figure
5.2—1) shows a good agreement with the lake bathymetry, though due to sampling
intervals and line spacing, the complexity of the eastern sector cannot be
seen.
The sedimentology of Lake Superior sediments has been discussed briefly
by Thomas and Jaquet (5). They concluded that the variations in the textural
parameters (mean grain size, standard deviation, skewness, and kurtosis)
conform to a model of physical sorting of a sand and a clay size population.
The mixing of these populations is controlled by available hydraulic energy
which is, itself, closely related to water depth. Variation in the texture of
the sediment is thus strongly related to water depth.
LAKE SECTORIZATION
Sectorization, as used here, is based on a differentiation between non-
depositional and depositional (basin) zones. Further, in order to provide for
spatial variation in sediment composition, the depositional or basin zones
have been sub-divided into sub-basins. The distribution of the non-depositional








































































































































































































































































































































































































































































































































































































































































































































































































































Caribou Sub-basin. This sand is attributed to local subaqueous erosion in the
highly complex trough and ridge morphology of the eastern part of this basin.
Both the Keweenaw and Whitefish Basins show substantially less clay material
than the other basins. In the Keweenaw Basin this is due to a higher silt
content which may be a reflection of a relatively shallow mean water depth
together with its situation in a region of predominantly non—depositional
sediment (Figure 5.2—1). Low clay content in the Whitefish Basin is inverse
to a high concentration of sand—size material. This presumably is a function
of the situation of the basin in the extreme eastern sector of the lake and
the long westerly and northwesterly fetch. The basin additionally occurs
in a region characterized by lag deposits, implying subaqueous erosion and


















































productivity and oligotrophic nature of the lake.
Low mean levels for inorganic carbon are observed throughout Lake Superior,
particularly in the basin deposits.
282
 _ TABLE 5.2-1
MEAN LEVELS (X) AND STANDARD DEVIATIONS (8)
FOR SOME PROPERTIES OF LAKE SUPERIOR SEDIMENTS





















Eh V. pH Sand Silt Clay C C02 Depth m %
SECTOR No. of i i i Ii i i i i E'
Samples (8) (s) (8) (s) (s) (s) (s) (s)
Total Lake 404 0.415 7.1 24.0 19.8 56.0 1.70 0.12 161 if
(0.121) (0.4) (32.2) (13.4) (29.6) (1.15) (0.81) (71) %
men-Depositional 188 0.448 7.3 44.1 17.3 38.0 0.82 0.21 121 a;
Zone (0.083) (0.4) (33.8) (15.4) (31.0) (0.74) (1.17) (64) a
Total Basins 216 0.387 7.0 7.0 21.7 71.2 2.45 <0.04 197 38
(0.140) (0.3) (17.9) (11.1) (17.5) (0.85) (0.15) (56)
Duluth 27 0.364 7.2 1.5 32.6 65.9 2.22 <0.01 162 i;
(0.167) (0.3) (1.6) (14.2) (13.8) (0.70) (52) E.
1i
Chefswet 27 0.409 7.2 2.4 18.6 79.0 2.22 <0.01 183 “A
(0.150) (7.0) (2.2) (6.0) (7.4) (2.61) (20) .;
Apostle 13 0.431 7.0 1.2 18.8 79.1 2.52 <0.01 180 I
(0.076) (0.1) (1.1) (6.9) (4.5) (0.69) (18)
Isle Royale 50 0.382 6.9 0.7 21.8 77.6 2.66 <0.01 216 f
(0.126) (0.4) (1.2) (8.1) (8.2) (0.60) (39) g
Thunder Bay 17 0.324 7.1 0.8 24.7 74.5 2.55 <0.01 204 3
Trough (0.155) (0.2) (1.1) (6.0) (2.9) (0.42) (34) g
I
Thunder Bay '5, 0.230 7.6 8.6 21.5 70.0 1.63 <0.01 49 )
(0.195) (0.4) (6.7) (16.1) (20.6) - (0.94) (31) .
Caribou :49 0.408 6.8 12.4 15.3 72.2 2.52 <0.10 237 I
(0.126) (0.4) (23.3) (9.6) (22.6) (1.14) (0.30) (60)
Marathon 6 0.418 7.0 2.1 31.0 67.0 2.36 <0.15 168 (
(0.030) (0.3) (1.3) (10.5) (10.8) (0.57) (0.21) (39) g
p
Keweenaw 4 0.273 6.5 1.7 39.0 59.3 2.51 <0.01 133 55
(0.210) (0.1) (0.8) (6.7) (6.0) (0.13) (13) i1
4»
Whitefish 18 0.431 7.0 39.2 19.7 41.1 1.96 <0.03 172 19‘
(0.129) (0.3) (33.4) (13.1) (21.4) (1.25) (0.10) (33) 1‘















































































































































































































































































































































































































































































































































































































































































































































































     
MAJOR COMPONENTS























































































































































































































































































The occurrence of ochrous limonitic layers has been previously noted and high
iron in the surface sediment is thought to be due to the precipitation, on
oxidation, of upward diffusing reduced iron which also results in the prevention mg
of its release to the bottom waters of the lake. Mean values for P205 show 'V
co-variance, by lake sector, with total Fe203. This suggests that phosphorus
occurs adsorbed on hydrated iron oxide surfaces, as described by Williams,
et a1. (7) for Lake Erie. Taking into consideration the extremely low rates
of sedimentation occurring in Lake Superior (0.2 mm/a) (8), mean phosphorus
levels in the basin sediments of Lake Superior are high. This is in accord
with estimates of loadings and discharge of total phosphorus in Lake Superior,
(see Chapter 3), that show that approximately 90% is retained. Sedimentation
of phosphorus is usually significant in oligotrophic lakes.
In effect the very oxidizing nature of the bottom sediments of Lake
Superior acts to prevent the release of phosphorus to the bottom waters.
Consequently, the sediments of this lake are acting as a phosphorus sink.
TRACE METALS
Mean levels for trace metals for lake sectors are given in Table 5.2—3.
All elements show increased levels in the basin sediments as compared to the
non-depositional zones of the lake, indicating that these elements are associated

















recorded in Lake Huron is given in Table 5.2—4. Levels of Pb, Co, Cd, and Sr
are similar in both lakes. Hg is significantly higher in Lake Huron, whereas






























Kemp and Thomas (9), in discussing trace metals in Lakes Ontario, Erie,


















MEAN LEVELS OF TRACE METALS IN THE SEDIMENTS OF LAKE SUPERIOR
(Hg in ug/kg, all others in mg/kg)
   
Hg Pb Cu Zn Ni Co Cr Cd V Sr As
SECTOR No. of i i )2 i i i i i i i )2














(56) (27) (67) (48) (46) (22) (104) (0.8) (38) (71) (2.5)
Non-Depositional 188 53 26 49 63 72 19 124 0.8 65 90 1.3














































































































































































































































COMPARISON OF TOTAL LAKE MEAN SEDIMENT VALUES
FOR TRACE METALS BETWEEN LAKE SUPERIOR AND LAKE HURON
(Hg in ug/kg, all others in mg/kg)
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 Conservative — Si, K, Ti, Na, Mg. When normalized no variation
is observed in the sediment column. These elements are thus as—
sociated with naturally occurring detrital minerals including
































































Nutrient - Organic C, N, P. Nutrient elements and organically bound
elements related to lake productivity.
Carbonate - Carbonate C, Ca. Associated with carbonates which may be
variable depending on source materials and lake conditions as they
relate to dissolution or precipitation of carbonate.
MbbiZe - Fe, Mn, S. Subject to dissolution and upward diffusion
in the sediment column.
Miscellaneous — Be, V. Variations in the sediment column unexplained.
Only one sediment core, from station G-18 in the Chefswet Sub-basin.
(Figure 5.2-2), has been analyzed so far for trace metals. Values observed are
presented in Table 5.2-5 giving mean values for the surface 3 cm and 3-24 cm.
From the table it can be inferred that enrichment through man's activities has
occurred with respect to Hg, Cu, and Pb and possibly to Zn and Cd. No change
is seen in the levels of Co and Ni. A comparison of the mean values given in
Table 5.2-5 for the 3—24 cm level with present day mean levels in Lake Huron
(Table 5.2-4) suggests that Lake Superior sediments are naturally enriched in
Cu, Zn, and Ni.
OCCURRENCE AND DISTRIBUTION OF MERCURY IN LAKE SUPERIOR SEDIMENTS
The distribution of mercury in the surficial sediments of Lake Superior
(10) is given in Figure 5.2—3. The general pattern that emerges from the
distribution shows agreement with the sediment distribution given in Figure
5.2-1. Values are low (50 ug/kg) around the periphery of the lake with a
broad area of mid—lake values in the 50 to 100 ug/kg range. The highest
values for mercury occur in Thunder Bay with sample values ranging from 344 to
584 ug/kg.
Within the main body of the lake, a number of regions can be observed
with Hg values in excess of 100 ug/kg, the distributions of which are not
related to surface sediment type.
These are considered to be anomalous and
may reflect the effect of circulation patterns within the lake on distributions

































































































































































































































































































































































































































































































































































































































































































































































































































Duluth Sub—basin, and have effectively diluted the mercury concentration in
the bottom sediments. It should be noted, however, that even though trans-
boundary movement of mercury has occurred in western Lake Superior, the levels
in the open lake sediments are low and cannot be construed as a threat to the
open lake water ecosystem.
The specific source of mercury is not known at this time. The increase
in mercury in core 1-7 at 10 cm depth indicates that the input occurred in
excess of 60 years before the onset of the taconite plant at Silver Bay (based
on a 0.5 mm/a sedimentation rate). This likely means that the mercury was
probably derived at first from the mining activities in the region at the turn
of the century. Indeed, Jonasson (11) has recorded sphalerite Hg values in
excess of 50 ug/kg in such areas. For additional discussion of mercury in
Thunder Bay, see Chapter 4.2.
Other anomalous areas with significant mercury concentrations can be
observed in Lake Superior sediments (Figure 5.2—3) though their origin and
dispersion patterns are not so clear as the anomaly discussed above. There is
a suggestion that water movement may be transporting mercury-enriched sediments
from Thunder Bay around the north shore of Isle Royale, southeastwards past
the Keweenaw Peninsula, and dispersing in the southeastern part of the lake.
Additionally, there are two anomalies on the north shore, one with apparent
direct association with input from the Nipigon River and the other well south
of Marathon which may be residual mercury associated with past practice in the



















































































































































































































































































































































































































































































































































































per gram of dry sediment.




























































































































































































































































































































































Tb NUMBER OF FIBRES x109 IN ONE GRAM
OF SEDIMENT FROM PRE-TACONITE HORIZON (<2um fraction)









M-14 . Ta- 34




























     











































































































suggesting adsorption of phosphorus by the iron—rich layers, effectively
blocking the release of phosphorus to the bottom waters. The sediments
are thus serving as an effective phosphorus sink.
Trace metals are generally low, exclusive of Thunder Bay, though there
is evidence that Hg and Pb, and possibly Cu, are being elevated by man's
activities. There is further evidence that relatively high levels (when
compared to Lake Huron) of Cu, Zn, and Ni occur in sediments of Lake
Superior, due to the regional mineralization occurring in the bedrock of
the area.
The distribution of Hg shows that Thunder Bay has been a source of
anthropogenic mercury, and that this mercury has been subject to trans—
boundary movement. The sediment-bound mercury is distributed relative
to the integrated physical circulation of the lake. Out-side of Thunder
Bay, Hg levels are not an environmental threat to the lake ecosystem.
Evidence of the extent of the taconite distribution from Silver Bay is
presented, which indicates the possible transboundary transport of these
fibres. The evidence is not entirely conclusive and points to a need
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offshore or with a depth greater than about 15 111. Therefore,






















   
bottom. During stratified conditions, sampling depths may have been altered so
that samples could be taken above, in, and below the thermocline.
Twenty-nine of these stations were sampled for major ions and trace elements.
The major ions include calcium, magnesium, sodium, potassium, sulphate, and
chloride.
The principal anion, bicarbonate, which is the chief component of the
alkalinity, is considered a biochemical station parameter. The trace elements
monitored in 1973 are cadmium, chromium, cobalt, copper, iron, lead, manganese,
mercury, nickel, and zinc.
Nineteen of these 29 stations were designated as
master stations and samples were taken for these analyses:
total phosphorus
(all depths sampled), total filtered phosphorus (all depths sampled), dissolved
organic carbon, particulate organic carbon, particulate nitrogen, total nitrogen,
conductivity, and pH.
Table 5.3—2 lists the number of biochemical stations, master stations, and
stations sampled for major ions and trace elements for each of the 14 open water
zones of Lake Superior plus Thunder Bay.
This sampling program was generally












For all parameters, simple arithmetic averages
for the first ten metres - to
approximate the epilimnion — and for the layer from ten metres depth to the
bottom (hypolimnion) were calculated.
For the nutrients and oxygen, both area
and volume—weighted averages were calculated for the whole water column.






















































































































































































































































































































































































































































































































































































































SAMPLED FOR MAJOR IONs AND TRACE ELEMENTS,
AND THE NUMBER OF





































































































































































































































































































































































































FIGURE 5.3-3. HISTORICAL CHANGES
IN THE CONCENTRATIONS OF MAJOR
IONS

































































PARAMETER (mg/M3 n Equivalents/I Anion Equivalents
Alkalinity 42.0 (1.0) 840 (HCO3‘) 89.7
Sulphate 3.0 (0.5) 62.4 6.7




Calcium 13.0 (0.2) 648.6 69.6
Magnesium 2.6 (0.2) 213.8 22.9
Sodium 1.3 (0.1) 56.5 6.1
Potassium 0.5 (0.05) 12.7 1.4
931.6 100.0
Conductivity 97.0 (5.0)b
      
a.
b.
The number in parantheses
which the average lies.
Units are uS/cm
304
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































MEAN CONCENTRATIONS 0F HEAVY METALS IN LAKE SUPERIOR, BY CRUISEa
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ANNUAL AVERAGES 0F PH AND OXYGEN





Oxygen (mg/1) 12.06 (1.13)a 12.94 (0.53)










QUANTIFICATION LIMITS FOR ORGANOCHLORINE PESTICIDES;
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It was mentioned in the introduction that the following factors determine
the chemistry of Lake Superior: the geology of the drainage basin and the
climate which, together, determine the amount and nature of the chemical input
into the lake and, hence, its basic chemistry; man~made inputs; and biological
processes which determine the seasonal variations in the lake.
For a lake to be in equilibrium, the outputs must equal the inputs from
all sources. The historical data presented in the section as major ions strongly
suggest that, at least for these components, this is the case for Lake Superior.
It was pointed out in Chapter 5.1 that the concentration of any conservative
material in the lake will increase if the amount discharged annually via the
St. Marys River is less than 0.56% of the total amount in the lake. As the
lake volume is 11.92 x 1012m3, the discharge limit of non-degradation is
(66,750)(C) t/a, where C is the lake mean concentration in mg/z.
A budget for "total dissolved solids", chloride, dissolved reactive silicate,
total phosphorus, and total nitrogen has been presented in Chapter 3.1. This
budget shows inputs of all species under consideration as greatly exceeding
outputs (which were estimated as the mean concentration of each parameter in
the lake times the annual discharge).
NUTRIENTS
According to the estimates in Chapter 3.1, of total phosphorus
added, 90%
is retained within the lake, and similarly 77% of total nitrogen and 68% of
reactive silicates are retained.
Oligotrophic lakes normally retain large

















































































































































































































































































































chloride than does the lake (19). The land drainage, to transport 212,000 t/a
of chloride to the lake, would have to have a mean chloride concentration of
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Annual Production (9 C/m2)
 
FIGURE 5 3-10 MAXIMUM
SUMMERTIME DEPLETION (CONCEN—
TRATION IN SPRING MINUS MINIMUM
CONCENTRATION IN SUMMER) IN




PHOSPHATES, AND NITRATE AS A
FUNCTION OF TOTAL ANNUAL
PRODUCTION.
















































   















































Average Nitrate ([49 N/[)
ANNUAL PRODUCTION AS A FUNCTION OF AVERAGE REACTIVE
S I LI CATE, TOTAL PHOSPHORUS;
AND NITRATE CONCENTRATIONS
IN THE EPILIMNION OF LAKE SUPERIOR.
Numbers correspond

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































] LAKE SUPE IOR























4 MEAN MAX MIN
Total? 5.9 7.9 4.5


















    
Silica 2410 2460 2340
8 KAN MAX M IN
Total P 7.4 12.1 4.7






Total P 83 9.4 36
Nitrate 285 319 255
Silica 2420 2450 2390





















Nitrate 277 318 251












     
7 MEAN MAX MIN
TotaIP 11.3 15.5 71
Nitrate 270 300 243
Silica 2540 2390 2300






















14 MEAN MAX mm











































TotalP 7.0 10.7 '4.7
Nitrate 275
310 245
Silica 2360 2440 2350
9 MEAN MAX MIN




Silica 2370 26!) 2250
11
10




















11 MEAN MAX Mm
Total P 5.6 8.0 4.2











1 MEAN MAX MIN
Total P 6.4 9.6 4,8
Nitrate 271 316 253
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Conductivity (HS/cm at 250C)










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Species composition, cell counts, and biomass estimates of phytoplankton
were made from collections of surface samples (0—20 m) at 40 stations across
the lake, from six cruises between May and December, 1973. Detailed species
composition was determined at 24 stations (7); Figure 5.4-1 depicts the
groups found.
Phytoplankton groups present included blue-greens, greens,
chrysomonads, cryptomonads, and dinoflagellates with cryptomonads, diatoms,
and chrysomonads predominating. Table 5.4—1 lists the 47 most dominant species,









In general the phytoplankton is characterized by the high number of
species per sample and the exceedingly sparse standing stock biomass.
Of the
approximately 250 species found,
about one—fifth occurred
in sufficient
numbers to be considered dominants (7).
In contrast
to the Lower Lakes, most
species occurred over wide areas and for extended periods of time at relatively
uniform densities.
All of these characteristics are indicative of a stable,
undisturbed community.
This corroborates the more limited findings of other
previous studies
(4).
















































































































































































































































































































































































































































A. pulchara (Kg.) Rbh.
Aphanothece cZathrata West & West
A. clathrata var. brevis Bachm.
CWroococcua dispersua (Keissl.) Lemm.








































































































C. atelligera Cl & Grﬁn
C. ocelZata Pant .
fragilaria crotonensis (Edw.) Kitten
Meloaira granulata (E.) Ralfs
Ehizosolenia eriensis H.L. Smith
Stephanodiscus astrea var.m£nutu1a (Kg.) Grﬁn





































































































































































































































a. The numbers represent the number of stations out of 8 at
by number of the species present.
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SEASONAL ABUNDANCE 0F PHYTOPLANKTON GROUPS; LAKE
SUPERIOR 1973I As wet weight, estimated from cell counts
at 24 stations.
338
 This bimodal seasonal abundance is evident for total biomass when area
weighted means are examined by open water lake zones as shown in Figure 5.4-3;
(the zones are shown in Figure 5.3-1). This pattern shown most clearly in
the southern open water zones where a pulse of phytoplankton appears from
mid—June to late July, possibly behind the thermal bar, followed by a second
pulse in late October. Phytoplankton biomass in zones of the western end of
the lake shows little evidence of a mid—summer minimum with a broad summer
biomass peak. This occurs earlier in the large bays, Thunder Bay, and the
Duluth arm (zone 7). In the eastern and the northeastern open water zones
(2, 3, 4, and 13) phytoplankton biomass is low and seems to build up to a
single summer peak.
It should be emphasized that phytoplankton biomass in Lake Superior is
low compared to the published information for the other Great Lakes (10).
Maximum biomass of 0.5 g/m3 in Whitefish Bay shouldbe compared to maxima of
8.5 g/m3 reported for Lake Ontario, 13.5 g/m3 for Lake Erie, and 17.5 g/m3
for Lake Huron (Saginaw Bay). Regional mean values from 6 cruises on Lake
Superior range from close to 150 mg/m3 for Whitefish Bay, Duluth, the south-
west shore (zones 1, 7, 8, and 9), and Thunder Bay to 50 mg/m3 or less for
the central and northeastern portions of the east half of the lake (zones 2,
3, 10, and 13) (Figure 5.4-4).



































































































































































































































































































































































































































































































































across the lakes on most cruiSes.
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AVERAGE ANNUAL STANDING STOCK OF PHYTOPLANKTON BIOMASS
(ESTIMATED WET WEIGHT) AND RANGE OF CRUISE MEAN VALUES
BY OPEN LAKE ZONE FOR 24 STATIONS IN LAKE SUPERIOR, MAY-
NOVEMBER 1973. Zones are shown in Figure 5.3—1; TB = Thunder Bay.
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AVERAGE ANNUAL STANDING STOCK OF ZOOPLANKTON BIOMASS
(DRY WEIGHT) AND RANGE OF CRUISE MEAN VALUES BY
OPEN LAKE ZONE IN LAKE SUPERIOR, MAY—NOVEMBER 1973.




AVERAGE ANNUAL STANDING STOCKS 0F PHYTOPLANKTON;
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This section describes the bacteriological quality of the open waters of
Lake Superior. In addition, some nearshore data are presented, thus comple—
menting the bacteriological description of the nearshore and embayment areas
given in Chapter 4. These data describe baseline conditions and areas of
bacteriological degradation, thereby delineating the extent of influence of
organic discharges.
BACTERIOLOGICAL PARAMETERS
Four public-health-oriented or trophic indicator bacteria were utilized
to characterize the bacteriological water quality of Lake Superior: total and
fecal coliforms, fecal streptococci, and aerobic heterotrophs.
COLIFORMS
The term "coliform" is used to describe various genera of the family
Enterobacteriaceae. Coliform bacteria occur naturally in soil, water, vege-


























































some fish; domestic and industrial sewage; and soil and plants.



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































such loadings and only generalizations can be drawn. However, more detailed
information is available for the Nipigon Bay (4) and Marathon (8) areas. The
coastal area between Ashland and the Keweenaw Peninsula has many small rivers
flowing into the lake; this may account for the slight increase in bacterial
counts. Other coastal areas which may be receiving organic inputs need to be
studied more carefully to determine if any problem exists. Additional discussion






















































































































































































Spatial and temporal variations of total coliforms in both nearshore and
open water areas are presented in Figures 5.5—2 and 5.5—3 and in Table 5.5—1.
Data from the 1968 and the 1971 cruises indicate that >992 of the water samples
were <10/100 ml; the Agreement objective is 1000/100 mR. The 1973 surveys
reveal a seasonal cycle with the highest counts in late summer; the most pro-
nounced seasonal trend was found in the nearshore areas (Figure 5.5—3).
Details are given in reference (5). Higher counts were found in the vicinity
of Duluth-Superior Harbor (1968, 1971, and 1973), Au Sable Point (1971 and
1973), Thunder Bay (1971 and 1973), Michipicoten Harbour (1968 and 1971),
Marathon (1968 and 1971), and Nipigon Bay.
FECAL COLIFORMS
Spatial and temporal variations of fecal coliforms in both nearshore and
open water areas are presented in Figures 5.5-3 and 5.5-4 and in Table 5.5-2.
The data indicate that the open waters of'Lake Superior are practically free
from detectable fecal contamination; over 90% of the stations monitored had
counts <l/100 mX. The Agreement objective is 200/100 mi. The general absence
of a seasonal trend is evident in Figure 5.5—3. Nearshore areas having rela—
tively higher densities include the vicinity of Duluth-Superior Harbor, Thunder
Bay, Whitefish Bay, Grand Island, and the Keweenaw Peninsula.
FECAL STREPTOCOCCI
Fecal streptococci data for 1973 are summarized in Table 5.5-3 and are
displayed in Figure 5.5—3. More than 80% of the samples analyzed show densi-
ties <l/100 ml; the Ontario permissible criterion for raw water is 50/100 m1.
AEROBIC HETEROTROPHS
Spatial and temporal variations of aerobic heterotrophs in both nearshore
and open water areas are presented in Figures 5.5—3 and 5.5-5 and in Table
5.5—4. Counts rarely exceedlOO/mz; the slightly higher values in 1973 are
not significantly different. Most nearshore areas have densities higher than
the open waters; these areas include the vicinity of Duluth-Superior Harbor,
Marathon, the coastal area between Ashland and the Keweenaw Peninsula, and
Grand Island. A seasonal peak is observed in August—September.
DULUTH ARM
In the western end of the lake, near Duluth-Superior Harbor, although
shallow water, higher temperatures (IO-12°C, as compared with 5—6°C in the
main body), and good vertical mixing are important factors contributing to the
increased heterotrophic bacterial populations, these do not account for levels
in excess of 8000/m£ found during the last cruise in 1973.
The fecal coliform—fecal streptococcus ratio in early summer was very
low, indicating a land drainage-wash type of contamination. The ratio changed
to between 0.7 and 4.0 in midsummer and exceeded 4.0 at times during the fall,
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DISTRIBUTION OF FECAL COLIFORMS (M.F.),
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Historically, Lake Superior was characterized by native fish communities
typical of recently glaciated oligotrophic lakes (1, 2). Such communities
are dominated by the salmonids: the trouts, chars, whitefishes, chubs, and
lake herring, species which were highly prized for the table, their sporting
qualities, or both. The slightly warmer and shallower inshore waters, espe—
cially in the bays and among the islands, typically supported populations of
sturgeon, walleye, perch, northern pike, and several species of suckers.
Lesser species, dace and minnows, darters and sculpins, and others occupied a
variety of niches throughout the lake.
The original fish stocks have beenvery substantially depleted (1, 3).
Annual commercial catches from Lake Superior have fallen to about one third
of their peak (Figure 5.6—1). Moreover, the highest valued species have
clearly suffered most so that the economic loss has been even greater than
the catch statistics imply.
Long continued intense exploitation by man, coupled with the destabi-
lizing influence of strong competition and predation by suchexotic species




























































































































































































































































































































































































































































































































































































































































of deteriorating water quality may be reflected by changes in the quality and
quantity of fish stocks present and by the presence in the fish of contaminating
materials of potential harm to fish or fish consumers. Because fish fre-








































which future changes can be gauged.
COMPARISON OF NEARSHORE AND OFFSHORE PROGRAMS








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































       
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































for counting which was performed by Atomic Energy of Canada Ltd. at Pinawa,
Manitoba, using a Beckman Wide Beta planchet counting system (gas flow) with
a method based on low—environment work. The count was for either 1000 counts
or 1000 minutes.
Spark source mass spectrometry analyses were performed on two composite
samples of whole lake trout from Coppermine Bank and from the Apostle Islands
by the United States Environmental Protection Agency (EPA) Environmental Re—
search Laboratory, Athens, Georgia. All samples were run in duplicate and
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able in a separate report (25).
RESULTS






































































































































































































































































































































































































































































































































































































































































































of: PCB's (2 pg/g Canada, 5.0 ug/g U.S.), DDT (5.0 ug/g), mercury (0.5


















Keweenaw Point and Coppermine Bank lake trout were multiply contaminated
with PCB's,.DDT, and mercury, all in excess of the guidelines.
Lake trout from Bateau Rock were also suffering from multiple contami—
nation with DDT, mercury, and dieldrin values all in excess of the guidelines.
Apostle Islands lake trout carried both DDT and dieldrin in excess of
the guidelines, while those from Grand Marais and Pic Bank, though not entire-

















































































































































































































































































































































a. The number in parentheses is the standard error of the mean.
b. Number of individual fish.
c. Number of composites analyzed.
d. n = 8



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































MEAN CONCENTRATIONS OF TRACE METALS AND ORGANIC CONTAMINANTS (us/G) AND FAT (%)
IN LAKE TROUT (WH
OLE FISH) FROM THE

































































































































































































































































































































a. The number in parentheses is the standard error of the mean.
b.
Number of individual fish.




































































   
The lake trout from these offending locations are of modest Size, average
total length 544 mm, average weight 2.17 kg, and reasonably consistent in
size (Figure 5.6—4) in accordance with the sampling design. Evidence already
‘
presented, based on the work of Reinert and associates (6, 16) and Parejko
1
and associates (11, 18) indicates that larger lake trout would be expected to
‘
display still more elevated concentrations of DDT and PCB's.
Since size is




Intended to preserve the integrity of the ecosystem and the health of
i
the fish themselves, the proposed Agreement objectives for metallic and i 1
organic contaminants, summarized in Appendix C, are often more stringent than ‘ l
jurisdictional guidelines. Many samples exceeded the desired objectives for i E
‘ whole fish concentrations. The contaminant most often offending was PCB's. : ;
1
The proposed Agreement objective for PCB's in whole fish is 0.1 ug/g. Every
I ‘
sample of whole fish collected exceeded this objective with average concentrations 1
ranging from a low of 0.16 ug/g in slimy sculpin from Whitefish Point to a 3 '
high of 4.32 ug/g in lake trout from Keweenaw Point. The highest concentration
encountered in bloater chubs, also from Keweenaw Point, was 1.45 ug/g, consi—
derably below the high value of 2.61 ug/g for this species in Lake Huron ‘,
(Volume II, Chapter 5.6). Lakewide averages for total PCB's were 0.25 ug/g $.-
in slimy sculpins, 1.03 ug/g in bloater chub, 1.49 ug/g in burbot, and 2.02
ug/g in lake trout. The single sample of lake herring contained 0.47 ug/g.
  
DDT }
The proposed Agreement objective of 1.0 ug/g total DDT in whole fish was
also frequently exceeded in open water Lake Superior fish. Average concen-
trations of total DDT ranged from a low of 0.16 ug/g in slimy sculpin from
Whitefish Point to a high of 8.17 ug/g in lake trout from Coppermine Bank.
The lake-wide averages for total DDT were 0.18 Ug/g in slimy sculpins, 1.55
Ug/g in bloater chub, 1.49 ug/g in burbot, and 4.38 ug/g in lake trout. The
single sample of lake herring contained 0.71 ug/g total DDT. The present
lake trout data compared to that collected by Reinert and colleagues in the
late 1960's (6, l6) fail to display a discernible reduction in the average
DDT levels when comparisons are based on fish of equal size. Thus, the
average of the concentrations of total DDT obtained in this study from sam—
ples taken at Grand Marais, Duluth, and the Apostle Islands was 3.25 ug/g,
while the average of values for lake trout of the same sizes as those taken
at each of these locations calculated from the log—log regression derived
from Reinert's pooled data (which came from nearby waters) is 3.28 ug/g. §,fj
r MERCURY
The proposed Agreement objective of 0.5 ug/g for mercury in whole fish
was also exceeded in a number of samples of open water Lake Superior fish.
Average concentrations of mercury ranged from a low of 0.05 ug/g in slimy














































































































































































































































































































































































MEAN CONCENTRATIONS OF TRACE METALS AND ORGANIC CONTAMINANTS (UG/G)
AND FAT (Z) IN LAKE TROUT (WHOLE FISH AND FILLETS) FROM THE
OPEN WATERS IN THE APOSTLE ISLANDS, LAKE SUPERIORa
 
COMPOUND WHOLE LAKE TROUT LAKE TROUT FILLET 1
or ELEMENT 1
N: 46 49 I
n 10 10 1
Fat 15 (0.60) 9 (0.38) I
Total PCB 1.80 (0.22) 1.68 (0.15)
Total DDT 6.29 (0.76) 2.99 (0.31)
op' DDT 0.62 (0.07) 0.31 (0.03) '
op' DDE 0.34 (0.04) 0.14 (0.01)
pp' DDT 1.25 (0.21) 0.67 (0.08)
pp' DDE 3.28 (0.48) 1.50 (0.20)
pp' DDD 0.80 (0.05) 0.37 (0.03)



















































































Zinc 12.9 (0.31) 3.61 (0.09) I





















b. Number of individual fish.
c. Number of composites analyzed.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TRACE ELEMENTS DETECTED BY SPARK SOURCE MASS SPECTROMETRY IN



















































Barium (Ba) 0.055 0.12
Cesium (Cs) 0.010 0.020


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































    
  
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the third stage (12).
























































































































































































































































































































































































































and recreational usage of the water.
Enrichment from natural sources without
'
human influence is slight (10).
Once a water body is enriched, the problems
are continued as nutrients are recycled by the feeding and excretory processes
of organisms.
Nutrient regeneration results from microbial activities and
g
from chemical reactions,
primarily in the sediments.
The impact of enrichment is first asserted in localized areas, specific-
ally those areas of a lake receiving inputs from cultural sources.
As currents
disperse the enriched waters of localized areas, the impact spreads and dilutes
to adjacent nearshore waters.
These nearshore zones serve as a buffer between
localized areas and the open water.
Developing problems in a large lake then
would be expected to follow a historical pattern with the effects of enrich-
ment first apparent near an input and eventually impacting the open lake
waters. In Lake Superior several localized areas and portions of the near—
shore are now being enriched. Waters of the open lake are beginning to show
slight effects of enrichment, but only in summer depletion of reactive silicate
and nitrate.
OXYGEN g
The extent of hypolimnetic oxygen depletion is very small in the open
waters of Lake Superior, with values always near or above saturation. In
contrast, oxygen is depleted completely in the summer in the hypolimnion of
central Lake Erie (11). The lack of hypolimnetic oxygen depletion is in—
dicative that Lake Superior is not grossly enriched.
 
Dissolved oxygen concentrations for the open waters of Lake Superior are
never below the Agreement objective of 6.0 mg/R, even in the deepest parts of
the lake. However, in St. Louis Bay at Duluth, oxygen is frequently less than
the objective with a value as low as 1.1 mg/2 recorded in 1973. At times,
Superior Bay also has dissolved oxygen concentrations <6.0 mg/R, but the water
quality there is better than in St. Louis Bay. Twice in August 1973 values
<5 mg/£ were recorded in Thunder Bay. Dissolved oxygen concentrations re— ‘
ported in all other nearshore areas meet the Agreement objective. E
PHOSPHORUS
§~”































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































a municipal sewage treatment plant enters the lake. Examples of such loca—
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(mgC/m3-h , TOTAL PHOSPHORUS (mg PO4/l , AND




















—TRENDS AND DEVELOPMENT OF FUTURE PROBLEMS
WHOLE LAKE TRENDS
It has been known for more than half a century that the excessive algal
growth in lakes is related to nutrients and particularly to phosphorus and
nitrogen (13). Sawyer (l4) recognized that the phosphorus concentration in
lake water was the main factor controlling eutrophication. A convenient tool
for the practical application of these relationships was Vollenweider's (15)
simple model plotting loading per unit of lake area vs. mean depth, rather
1
than concentration, as an indication of lake eutrophication. This model was
applied in the Lower Lakes Report to the IJC (l6) and is used here for des-
‘
cribing trends and future problems. *
Since its conception, this model has undergone a series of transforma—
;
tions. It was recognized that the water residence time in a lake plays an 2 ;
important role in the final effect which phosphorus loading has upon eutro- I
phication (17-23). At the same time the phosphorus models stimulated the so - 1
called phosphorus—carbon controversy. Lange (24), Kuentzel (25), and Kerr et 4 ‘
al. (26) placed in doubt the effectiveness of phosphorus removal in the pre—
sence of a surplus of carbon in the water. This doubt has largely been removed
by the results of whole—lake experiments by Schindler and coworkers (35, 36)
and laboratory experiments by Goldman, et al. (37). It has been demonstrated 3
on different occasions that phosphorus is the nutrient most frequently con-
trolling production of algae (27-29) and, moreover, only phosphorus is con-
trollable by man to an extent that can reduce the incidence of algal blooms.
 
The simplest variant of the initial loading vs. depth model is the
Vollenweider (l9) modification in which eutrophication is presented as the
result of the average concentration of phosphorus in the inflowing waters,
[P]i, and of the water residence time, T °
w' T
[P11e = 20 (1 + /7ﬁ; ) [1] f
[P11p = 10 (1 + JTﬁ; ) [2] '
 
where [P]. is the excessive and [P]i the permissible concentrations, res—
pectively}eof total phosphorus. Resigence time is defined as the volume of
the water body divided by the total inputs. 0n the grounds of common limno—
logical experience, the lower (permissible) limit of total phosphorus con—
centration in lake water whichdoes not cause any serious algal bloom may



















































sive levels of inflow concentrations are much higher in lakes with longer















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FOR 1974 AND PROJECTIONS FOR 2020
T O T A L P H














































     
 
Less planned redu
ction of 200 t.
Loading prediction after Batteke (30), based on the assumption that the 1973 treatment effort
will be maintained.
Chlorophyll a values predicted from equation [3].
Adjusted chlorophyll a values, based on the ratio of 1974 observed—tO-predicted values.
The following data were used: volume of Lake Superior = 11,920,000 X 106m3; residence time, Tw 111 a;
total input volum




















































































































WATER RESIDENCE TIME (YEARS)
TROPHIC STATUS OF THE GREAT LAKES IN 1974 AND PROJECTIONS TO 2020.





































































































































































basis of differences in the concentrations of some conservative element
(chlo—
ride or dissolved solids)
in the drainage water
[C]d, bay water
[C]b, and
adjacent water [C]l (32):
[Old — [Clb
[c]b - [c1l
In two of four bays the water renewal time appeared longer than 30 days
(0.1 year). However, none of the considered bays have shown signs of sig-
nificant eutrophication. The mean chlorophyll a concentrations were the
highest in the Duluth Bay (2.5 ug/k).
Although Thunder Bay had relatively
high phosphorus concentrations in its inflows, up to 151 ug/R, the chlorophyll
a concentrations were not higher than 1.2 ug/l. This can be explained by the
very short water renewal time of 0.06 year.
The time interval is sufficiently
reduced so that products of photosynthetic activities of algae in the bay
cannot accumulate.
Generally, in bay situations, the phosphorus concentration is affected
mainly by the dilution of the inflow with the open lake water and to a lesser
degree by the phosphorus sedimentation within the bay. Assuming that the
dilution and sedimentation rates remain constant:
[P]- - [P]
K = ____LL______£_ [6]
[Nb - ml
The future phosphorus concentration in the bay, [P] f, can be predicted from
the existing proportions between the phosphorus inflow concentration [P]i, bay K
concentration [P]b, and lake concentration [P]1: p ;%







































































































































































































































































































































































































































































































































































3. Loading projections after Batteke (30), based on the assumption that
the 1973 treatment effort will be maintained.
b. Concentrations calculated from Equation [8].
c. Concentrations adjusted, based on the ratio of the observed-to-predicted
values for 1974.





where [P]if is the future phosphorus concentration in the inflow.
From the phosphorus concentrations, chlorophyll a concentrations could be
predicted based on work of Sakamoto (33) and of Dillon and Rigler (34). They
found a highly significant correlation between the spring phosphorus concen-
trations and the summer average chlorophyll a concentrations:










Based on the predictions of Batteke (30), phosphorus loading in the year 1
2020 will increase 3}20% above the 1974 level. This will increase the Duluth E 5
Bay phosphorus concentration from 13 to 14.5 ug/Z and the chlorophyll a 5 1
concentration from the present 2.5 to 2.9 ug/R. Chlorophyll a concentrations ' i






(l) The open waters of Lake Superior are oligotrophic and are not
experiencing problems caused by enrichment.
 
(2) Increasing nutrient inputs by the magnitude expected in the next 50
years is not likely to create lakewide problems associated with
enrichment. The reason that problems are not expected in the open
waters is that the volume of Lake Superior is large compared to the
volume of the inputs. In addition, the lake is deep and generally
the input settles to the bottom and is lost to the sediment. The
expected 20% increase in phosphorus loading in 2020 (assuming the
1973 treatment level) may increase the chlorophyll a concentration
from the present 1.0 ug/£ to 1.2 ug/ﬁ.
(3) Based upon the Reference Group's philosophy of nondegradation, in
order to maintain the chlorophyll a at the present level, the total
























St. Louis Bay, Superior Bay, and Thunder Bay are presently expe—





















































































































































































































Surveys of the nearshore and offshore waters of Lake Superior were carried
out to determine the existing water quality conditions, identify existing or
develOping problem areas, and establish baseline bacteriological levels.
Bacterial parameters studied included the sanitary indicator bacteria (total
coliforms, fecal coliforms, and fecal streptococci) indicative of possible
fecal contamination of the water. Some studies also included the determination
of aerobic heterotrophic bacteria, indicators of possible enrichment.
The main body and most of the nearshore waters are essentially free from
fecal contamination. Fecal coliforms and fecal streptococci were not isolated
from over 95% of open water samples, and were infrequently isolated in near—
shore samples (Chapter 5.5). Elevated bacterial levels were found only in
association with specific industrial and/or municipal sources of pollution































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































slightly elevated bacterial levels indica—
tive of initial stages of degradation are observed near the Middle, Brule,

































































Since their populations are generally low or absent, monitoring only
total and fecal coliforms is not adequate to protect potential users of Lake
Superior, to measure changing trophic conditions, and to maintain nondegrada—
tion. Furthermore, the majority of present bacteriological objectives and
standards are based on levels analytically attainable rather than on strong
epidemiological evidence.
Total coliforms is questionable as a public health indicator because of
the heterogeneity of the organisms comprising it and because elevated counts
have been recorded in non—fecally contaminated environments. The National
Technical Advisory Committee, in its April 1968 report to the Fresh Water
Pollution Control Agency, rejected the use of these oganisms (5).
To measure bacteriological water quality, the following parameters
should be routinely measured: fecal coliforms, fecal streptococci, PBeudbmonas
aeruginosa, and aerobic heterotrophs. The significance of fecal coliforms,
fecal streptococci, and heterotrophs is detailed in Chapter 5.5. Pseudomonas
aeruginosa is important where water for intimate human use is being considered.
These organisms are responsible for many upper respiratory tract, urinary
tract, and other infections; and are indicators of potential hazards caused by
pathogens such as Salmonella, Shigella, Vibrios, and enteric viruses. In
addition, the sulphur-cycle bacteria appear to be a useful supplement in some
cases to analyze the impact of industrial pulp and paper waste discharges.
New microbiologicalobjectives should also be established and measurement
methods developed. These recommendations have been forwarded to the Water


















































































REVIEW OF POTENTIAL PROBLEMS
Potential problems caused by metals contamination in aquatic ecosystems 3
may be exhibited via several routes. At sufficiently high concentrations, '
metals in water may result in direct mortality of aquatic biota. Such con-
centrations generally exist only in extremely localized areas such as harbours
or tributary mouths where losses of metal—bearing wastes may occur from
industrial or municipal discharges or spills.
Chronic exposure to metal concentrations lower than the lethal level can
have serious, though more subtle, adverse effects on the biota. Metals taken
up directly from water or through the food chain may accumulate in tissues and
organs, causing morphological, growth, behavior, or reproduction problems.
Indirectly, metals may weakenorganisms or change behavioral patterns, making
them more vulnerable to other environmental stresses such as diseases or
predation. Another indirect influence would be the elimination or reduction
in abundance of important food chain organisms. Finally, biomagnification of
metals in fish tissue may present a hazard to wildlife and humans through




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































—Mercury levels exceeded the U.S. and Canada food fish guidelines of 0.5 mg/kg
in many larger lake trout especially fatty ones (including the variety siscowet)
from both the open waters of Lake Superior, at Grand Marais, (Minnesota),
Keweenaw Point, Coppermine Bank, Pic Bank, and Bateau Rock; and inshore waters,
at Thunder Bay, Black Bay, Nipigon Bay, Marathon, Grand Marais (Michigan),
Marquette, the Apostle Islands, and Isle Royale. In general, these fish were
substantially larger than the average taken in the commercial and angling I
fisheries.
Burbot from the offshore grounds at Pic Bank were also excessively contam-
inated with mercury, as were walleye, northern pike, and whitefish from several
nearshore locations in Lake Superior, including Pine Bay, Marathon, and the
Apostle Islands.
The mercury contamination of fish is often attributable to point sources, l
particularly chlor-alkali plants and pulp and paper mills, and especially in J
the nearshore locations. Abatement programs have essentially eliminated the
discharge of mercury from all of these sources except the American Can of 1
Canada, Ltd. chlor—alkali plant at Marathon. Mercury discharges from this ‘
source are scheduled to be eliminated by December, 1978.
Notwithstanding the past history of point source discharges of mercury,
a significant portion of the mercury input to Lake Superior is from natural

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































REVIEW OF POTENTIAL PROBLEMS
Organic pollutants may constitute the most widespread waste loadings
into the waters of Lake Superior. There are essentially three categories of
organic contaminants. The first grouping consists of those organic compounds
that readily degradebiologically or chemically. Visual perturbations are
generally detected after degradation because of sludge deposition and reduced
oxygen levels with subsequent suffocation of some forms of aquatic life
(1,2). These reactions can also result in the direct mobilization of metals
by complexation (3), conversion of inorganic forms of metals to methyl and
dimethyl complexes (4-6), and pH and E changes in sediment which may mobilize
metals, especially manganese (7) and iron (12).
 
The second category of organic contaminants is comprised of less readily
degraded organic compounds which may be directly toxic to aquatic life and to
consumers of aquatic life, which may be bioconcentrated to toxic levels, or
which may be metabolized to a more toxic form and stored in higher organisms.
An excellent example of such compounds is PCB's which not only directly bio—
concentrate to toxic levels butare also metabolized to the more toxic hydroxy
PCB'S (13).
The third category consists of the many organic compounds that can cause
taste and odour problems in domestic water supplies or taint the flesh of
food fishes. The best known are phenols (l). Phenols can also combine with
chlorine during disinfection and bleaching processes to produce chloro—
compounds (8) with markedly different properties: generally more toxic and
susceptible to bioaccumulation, more persistent in the aquatic ecosystem (9),
and with strong odours or taste (9).
Identification of individual organic compounds is difficult in environ-
mental samples, and currently the state of the art is developing. In addition,


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Detailed investigations were undertaken on sampling sites along the
northern shore, from Pine Bay to Batchawana Bay (14). PCB residues in edible
portions of fish, on a wet weight basis, were found to be in the order of 0.5
mg/kg in whitefish, 0.6 mg/kg in lake trout, and 0.4 mg/kg in lake herring,
respectively. In Lake Superior waters north and east of the Apostle Islands
(15) mean PCB residues Were %0.7 mg/kg in chub, in lake herring, and in white— ‘
fish. The same survey observed PCB levels of W2.0 mg/kg in lake trout <l.5 kg
weight, and a mean >4.0 mg/kg in lake trout >2.5 kg weight.
Fish such as burbot, herring, walleye, whitefish, brook trout, white
sucker, mottled sculpin, and smelt in waters between Duluth and Pine Bay (16)
were found to contain PCB residues in the range of 0.2 to 0.5 mg/kg in edible
portions on a wet weight basis. In the same area, lake trout, shallow water
cisco, deep water cisco, and long nose sucker had PCB mean residues of W1.0
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































iStiCs Of Lake superior and/0r Possible continued sources of DDT to the lake
are the only reasonable explanations for the failure of DDT residues to
decline. If continued sources of this compound are causing the residue
levels to remain high, then monitoring should be continued to locate and
possibly eliminate the contamination. Possibly the chemistry of the water
mass itself is responsible for the detection of isomers of DDT, particularly
DDE, in the system.
ALDRIN PLUS DIELDRIN
Aldrin is metabolically converted to dieldrin by aquatic organisms and by
direct oxidation. Dieldrin is considered to be as toxic or slightly more
toxic than aldrin to aquatic organisms. Further, it is highly persistent,
bioconcentratable, and a potential human carcinogen. Because of these charac-
teristics, the U.S. Environmental Protection Agency (EPA) suspended the
production and use of both aldrin and dieldrin in 1974. Dieldrin was first
reported as present in fishes of the Great Lakes in the late 1960's (20) and
routine evaluation of dieldrin levels in Lake Michigan fish since 1969 by the
U.S. Fish and Wildlife Service has shown no significant change in average
residue levels (21). Guidelines or criteria for maximum allowable concentra—
tions of aldrin and/or dieldrin in water and the aquatic biota are given in
Appendix C.
Concentrations of dieldrin in nearshore fish (fillets) ranged from none
detected to 0.12 ug/g. Of the results reported, approximately one third were as
none detected or only trace amounts of dieldrin.
In whole fish collected as part of the offshore program, dieldrin residues
ranged from 0.1 to 0.47 ug/g. The highest value (0.47 ug/g) occurred in











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































should be made to determine the significance of widespread observations of
trace levels.
CHLORDANE
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_should be no increased manufacture, use or discharge of these compounds.
Further, before new organic comounds are produced, distributed, or used,
environmental and health effects should be fully evaluated. Programs to
minimize pesticide use should also be implemented. In addition, remedial
measures should be undertaken to eliminate the taste and odour problems.




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Neither dissolved nor suspended solids are presently a problem in Lake
Superior, except for the asbestiform fibres in the Reserve Mining discharge.
Localized elevations of dissolved and suspended solids are found in regions of




















to forestall any future increase in solids inputs.





















































































































































































































































































usually involve a slug discharge.
Spills of oil or other hazardous materials
can interfere with recreational water uses and can threaten water supplies.
However, most spills do not appear to cause injury to health or property.
The major impact of spills is the threat of significant‘ecological upset in
the immediate vicinity of the spill and the short-term impact may bevery
serious.
Unfortunately, regulatory agencies have not conducted post-spill
studies to determine the existence, extent, or duration of any long-term
ecological imbalance which may be attributed to spills of deleterious sub-
stances.
Toxicity is directly and subtly related to the nature of the material
spilled and the rate of its dispersion or cleanup. Materials spilled include
anything used in manufacturing or being transported. There are as many
causes and each response is unique. Neutralizing agents, if employed, may
also be as harmful as the material spilled.
 
The freight traffic on Lake Superior is predominantly iron ore; cement,
stone, sand, and gravel are collectively a distant second. Chemicals are
transported only about one—third as frequently as on Lake Huron and the quan—
tities are minimal, compared to other cargoes.
SPILLS T0 LAKE SUPERIOR
The total volume of pollutants spilled to Lake Superior represents only
a small fraction of the total loadings; see Chapter 3.10. During 1973 and
1974 there were 34 reported direct spills of oil or petroleum distillate into
Lake Superior, with a loss of at least 36,000 2 from 27 of these spills, and 8
reported incidents which involved other potentially hazardous materials.
Chemicals or other potentially hazardous materials spilled to watercourses
are generally not recoverable. The spill reports indicate that for oil
spills, <50% of the product spilled to water is actually recovered.
RESPONSE MEASURES
Prevention is the only effective means of avoiding ecological damage













































































































































































































































































































































































































































































(5) Canada Coast Guard, Central Region
Marine Contingency Plan
(6) Ontario Ministry of the Environment
Province of Ontario Contingency Plan for Spills of Oil and
Other Hazardous Materials
(7) Wisconsin Department of Natural Resources
Contingency Plan for Spills of Oil and Other Hazardous
Substances
The objectives of all these plans are to provide for efficient, coordinated,
and effective action to minimize damage. The contingency plans emphasize the
administrative structure necessary for the countermeasures response to these
Spills and do not always include detailed response procedures for dealing
effectively with oils or other spilled pollutants. To date, all plans rely on
the ingenuity of the responding agencies. There is room for improving the
state of preparedness and the response technology.
CONCLUSIONS
Spills into Lake Superior do not appear to cause injury to health or
property. However, although spills are usually quite localized, their effects
on the local ecosystem can be severe. Transboundary movements of pollutants
spilled directly into Lake Superior appear to be associated only.with commer-
cial vessels in shipping lanes near the international border. None of the
spill incidents from shore facilities has indicated the threat or possibility
of transtundary movement of the spilled pollutant.
438
  
—The information base regarding the nature and the character of the mate-
rial Spilled requires upgrading and reporting in a common format.
Post—spill
studies should be conducted to determine the associated long-term environ—
mental effects of spills and cleanup. In addition, improvements in response



















































































































































































































of 182.35 m in 1926.






















have occurred under outlet conditions existing in 1887 with regulation under
Plan 1955 Modified Rule of 1949 and under Plan 80—901.
Both plans have
increased the mean level of Lake Superior by No.1 m but reduced the range of
lake level fluctuation.
The major impact is on erosion,
especially the red
clay area of the Wisconsin shoreline.
EFFECT ON RED CLAY EROSION
The effect of regulation on red clay erosion is difficult to evaluate
because of compensating factors (1,2). An increase in the mean lake levels
may increase erosion rates. With higher lake levels, particularly during
storms, erosion damage increases when wind set—up and large waves allow water
to act directly on the bluff face or the erodible shoreline. However, shore—
lines are dynamic and over a period of years would tend to readjust their
profiles to a more stable configuration. However, stabilization of the red
clay shoreline would be difficult regardless of the lake level because of the

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































_The regulation of Lake Superior has slightly decreased the peak level and
reduced the range of water level fluctuation. This would tend to decrease
erosion. The long—term effect of regulation on red clay erosion is probably
slight.
EFFECT ON WATER QUALITY
On a lake—wide basis, water quality in Lake Superior is considered not to
be affected by regulation activities. An increase in lake level of 0.5 m
would only change the volume of Lake Superior by 0.3%, which is insignificant
with respect to constituent concentration.
PLAN 80—901
The objective of Plan 30-901 is to keep the levels of Lake Superior and
Lake Huron at the same relative position within their recorded ranges of stage
with respect to their present levels (1). The principles of Plan 50—901 have
been followed since February 1973 and throughout 1974 and 1975. In order to
provide relief from high water on Lake Huron and downstream, the discharge
from Lake Superior was decreased. The International Lake Superior Board of
Control estimated that this action raised the water level of Lake Superior
0.22 m by the end of 1974.
If Plan 80—901 were permanently implemented, it would not materially
affect the level of Lake Superior or the overall water quality (1). The plan
would slightly increase the frequency of occurrences of water levels above
183.3 m; this might have an effect on red clay erosion but cannot be quanti-
fied. However, the mean lake level would be the same as for Plan 1955 Modified





























   
_' llllllllillli
D
The primary purpose of dredging in Lake Superior is to maintain naviga—
tion channels.
The quantities and locations dredged in Lake Superior are
summarized in Chapter 3.8.
EFFECTS OF DREDGING AND DREDGE SPOIL DISPOSAL
DREDGING
The environmental effects of dredging and open lake disposal of dredged
material, even if the material is unpolluted, are not fully understood. The
act of dredging itself destroys whatever benthic community that may exist in
the channel, resuspends particulate matter in the water, and exposes anaerobic
layers of sediment to aerobic conditions with the possible release of nutrients
and/ or toxic materials to the water. The significance of these effects is
minimized by the fact that a healthy benthic community is very seldomable to
establish itself within an active shipping channel due to constant disturbance
of the upper layers of sediment by ships' propellors. The bulk of the resus-
pended materials settle back to the bottom within a short time.
 
OPEN LAKE DISPOSAL
The effects of open lake disposal of dredged materials may be divided
into three categories: the immediate impact on the water column, the immed-
iate impact on the benthic community, and the long-term impact on both the
biota and the water column.
IMMEDIATE IMPACT ON THE WATER COLUMN
The water column in an area of open lake disposal of dredged materials is
subjected to temporary discoloration, increased turbidity, and possibly a
small oil slick or other floating scum and debris. These effects are virtual-







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































therefore isolated from the aquatic environment.
SEDIMENT EVALUATION
TECHNOLOGY
The technology for evaluating sediments and their impact on the open lake
is not entirely satisfactory and must be considered to be under development.
Ultimately this technology must be based upon direct bioassay procedures which
determine the effect of various sediments on the important species found in
the lake. These types of analyses are very difficult, expensive, and time
consuming and are unsuitable for a large—scale sediment classification program.
 
Two other technologies have been used to determine the chemistry of
sediments. Bulk sediment chemistry involves a hard acid digestion of the
sediment to determine total quantities of various constituents; an elutriate
procedure attempts to determine how much of each constituent is dissolved in
the water column duringthe dredging and disposal procedure. Both of these
techniques have basic disadvantages.
The bulk sediment test has been used to evaluate sediments from U.S.
harbours on the Great Lakes. The test may not be directly relatable to the
impact of the sediment on the lakes because a substantial fraction of the
constituents it measures are in forms that are never available to the eco-
system of the lake. Since this fraction varies from sediment to sediment, it
is not possible to determine exactly how muchmaterial is available to the
lake ecosystem from any one sample.
The elutriate procedure, which has been proposed for the evaluation of
sediments, suffers because it addresses only the immediate impact on the water
column and ignores impact on the benthic community and longer term releases,
which could be significant. Volatile metals, such as mercury, and organics,
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Superior are local in nature and not serious;
the contribution of dredging to
the total loading is small.
Nonetheless,
dredging should not be expanded
beyond present
levels and all disposal should be in confined areas because the
present criteria for evaluation of the effects of dredging and of disposal are
inadequate.
Assessment
of the effect of dredging and of disposal should be
conducted, including for confined disposal areas, where seepage and ground—
water contamination could be important.
Beneficial uses of dredged sediment,
such as for beach nourishment and enlargement, improvement of fishery and
wetlands habitat, construction of landfills, and blanketing of polluted
sediments should be considered.
In addition, scientifically based guidelines
































































































































































































































































































































Since discharge of personal wastes can cause public health problems, the
Reference Group concludes that such discharges should be prohibited.
Opera—
tional waste discharges, including stack emissions, and functional waste
discharges are much greater than personal waste discharges. Operational
wastes, such as for oil, are regulated, but present regulations to enforce
good shipkeeping practices are inadequate. There are apparently no legal
constraints regarding the dumping of functional wastes. Since salt—water
ballast can be a problem, such ballast should be exchanged prior to entering




















































































































































































[E Dim IIIHIMM Illl'llls
REVIEW OF THE PROBLEMS
The results of using lake water for once-through cooling of thermal—
electric power plants include direct heating of water, enhanced evaporation
from the lake surface, entrainment of biota into the cooling water system,
and effects on the biological community in the area exposed to the heated
water. These intake-discharge systems may also alter local current patterns
and this can have an impact upon the biological community in or passing
through the zone of impact.





























































































































































































































































































































The presence of radioactivity in surface waters leads to the production
of a radiation dose to a population using those waters as a drinking water
supply.
Man is the most sensitive species to radiation and maximum dose
limits have
beenrecommended by the International Commission on Radiological
Protection to protect mankind from the deleterious somatic and genetic effects
of radiation.
However, there is no threshold level below which ionizing ra-
diation has no effect so, in view of this, a refined objective for radio-
activity in the Great Lakes has been proposed through the Water Quality
Agreement balancing the risk to mankind against the benefit of nuclear power
production. This proposed objective for ambient waters of the Great Lakes is
that concentration of radionuclides which would produce a total equivalent
radiation dose (TEDso) of l mrem to a person drinking 2.2 R of lake water per
day.
PRESENT LEVELS AND CURRENT RADIATION DOSE
The only anthropogenic input of radioactivity, primarily 90Sr, to Lake
Superior is from nuclear weapons testing fallout. The analytical results in
Table 6.11—1 suggest that the lake is well mixed (1, 2). The 90Sr level of
0.53 pCi/l would produce a TEDso =0.3 mrem. Strontium is conservative in
Great Lakes water; therefore, assuming no further atmospheric testing of
nuclear weapons, the level will decrease almost with the radioactive decay
half life of 28 years since flushing will have little effect.
Analyses of water samples taken in 1974 gave similar values to those for
1973 for 37Cs and 1258b (Table 6.11-2). 137Cs was the only artificial radio—
nuclide found in plankton and fish samples, with the concentrations given in
Table 6.11—3. A comparison of lake trout and water concentrations gives a
biomagnification of about 6000 times for 137Cs in Lake Superior lake trout.
This could affect the TED50 received by an individual regularly eating Lake
Superior fish. However, this person would have to eat about 50 kg of fish per
year at the 0.5 pCi/g level to reach the proposed 1 mrem objective. 137Cs is
not conservative but is gradually scavenged out of the water column by decaying
organic matter and fixed in the sediment where it decays with a 30 year half—
life. It is estimated that about 93% of the 137C3 entering Lake Superior from
weapons testing fa110ut which has not disappeared by radioactive decay and by
flushing to Lake Huron is immobilized in the sediments (3). Tables 6.11-4 and
6.11—5 give ranges of concentrations of 137C3, 1258b, and ll“‘Ce found in the
top 5 cm of sediment sampled at 15 and 8 locations throughout Lake Superior in
1974 and 1973, respectively.
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3. Information from Reference (3).
  
. TABLE 6.11-3
137Cs LEVELS IN LAKE SUPERIOR PLANKTON AND FISH, 1973a
LOCATION LEVEL OF 13703
NORTH LAT. WEST LONG. DATE SPECIMEN pCi/ g FRESH pCi/g DRIED
46°58'18" 85°43'54" 6 Sept. 1973 plankton - 0.231.08
47°52'45" 87°26'30" 11 Sept. 1973 plankton - 0.18:.04
47°12'42" 89°40'38" 14 Sept. 1973 plankton - 0.63i.38
47°28'00" 90°51'18" 15 Sept. 1973 plankton - 0.18i.07
Jackfish Ba 17 Oct. 1973 Lake trout 0.421.01 2.021.05










LAKE SUPERIOR SEDIMENTS, 197Aa






Range of Shipek grab samples 0.16-9.64 <0.01—0.20 <0.03-0.27
a. Information from Reference (4).
TABLE 6.11-5
RADIONUCLIDE LEVELS IN LAKE SUPERIOR SEDIMENTS, 1973a
 






















48°17'30" 86°25'00" 4 June 1973 17.42 0.65 b
48°59'48" 88°12'06" 22 Aug. 1973 25.88 1.17 0.38
47°04'12" 89°53'54" 5 June 1973 6.11 0.21 0.06
47°11'00" 91°13'42" 6 June 1973 20.58 1.01 1.43
48°09'18" 89°01'30" 6 June 1973 22.25 1.08 1.14































      
a. Information from Reference (3).
b. Not detected.
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SYSTEME INTERNATIONAL D ’UNITES (SI)
SI PREFIXES
MULTIPLYING FACTOR PREFIX SYMBOL
1000 = 103 kilo- k
0.01 = 10‘2 centi- c
0.001 = 10'3 milli- m
0.000001 = 10‘6 micro- u
0.000000001 = 10'9 nano- n
0.000000000001 = 10‘12 pico- p
BASE; SUPPLEMENTARY, DERIVED; AND RELATED UNITS
UANT ITY M SYMBOL EQUIVALENT
mass gram g
mass tonne 1 t = 1000 kg
length metre 111











electric conductance Siemens S 1 S = l mho
























































cubic feet per second
million Canadian gallons per day















Appendix C lists criteria, standards, objectives, and guidelines applied
to Upper Lakes waters or its denizens.
To display this material, parameters
are listed in alphabetical order. For each parameter, up to six categories of
uses to be protected are specified and the appropriate agency material listed
under each. The format is:
EABAMEIER W HEM
In alphabetical Raw water Agreement Objective
order Drinking water Proposed Agreement Objective
Recreation U.S. Water Quality Criteria
Fish and Aquatic Life U.S. Drinking Water Standard
Dredging Canadian Federal Standard or
Consumers of Fish and Guideline














In Wisconsin, drinking water standards essentially follow the U.S. drinking
water standards; with adequate treatment, raw surface intake water is to conform
to drinking water standards. Michigan drinking water standards conform with
U.S. drinking water standards. Michigan raw surface water standards at intake
pipe locations are identical to drinking water standards.
Appendix C is intended to be general. For a complete description of each


























































































not exceed 1/10 to 1/100 of 48-hour TLm
0.3 ug/g



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































US Drinking Water Standard (cont'd)
Wisconsin State Standard























































































































































hould be inspected if








aeromonas sp. or clos
tridia perfungeus are
>0 in more than 10% o
f
monthly samples. Rem
edial action as in (1




























<200/100 ml for total
body contact waters
























































































































































































































































































































































CRITERIA; STANDARDS; OBJECTIVES; AND GUIDELINES
CADMIUM
(cont'd.)









Total cadmium, in unfiltered water sample, should not exceed 0.2 Dg/Q.
Incipient LC50 values for rainbow trout
TH
Cd
range from 39 to 30,500 ug/Q, as total
10 mg/l
1.95 ug/Q
hardness (TH) ranges from 10 to 1000
500 mg/l
550 ug/Q
mg/i; criteria factor is 0.5 of incipient 1000 mg/Q
1525 ug/l
LC50 value
not to exceed 1/500 of 96-hour TLm.





















Fish and Aquatic Life








































































































































































































































































































































































































































































































































































Sensitive Fish: an application factor of 96—hour TLm.














US Drinking Water Standard
Wisconsin State Standard
Fish and Aquatic Life





0.02 mg/£ for (2,4—dichlorophenoxy)acetic acid






















Total chromium in unf
iltered water sample
































































































































































































































































































































































Fish and Aquatic Life
US Water Quality Criteria
Minnesota State Standard






























Ontario Provincial Drinking Water
Objective









































Total copper in unfiltered water sample not to exceed 0.005 mg/l.
Incipient LC50 values for rainbow trout
TH
Cu
range from 30 to 1230 ug/l, as Total
10—60 mg/l
3.9-16.5 Ug/ﬁ
Hardness ranges from 10 to 1000 mg/l;
60—120 mg/l 16.5—17.8 ug/£
criteria factors are 0.13 (TH<60 mg/l), 120—1000 mg/Z 17.8—36.9 ug/l
0.08 (TH = 61—120 mg/Q), and 0.03
(TH>120 mg/l) of LC50 value
0.01 mg/£ or not greater than 0.1 of 96-hour TLm
Maximum concentration at any time or place <1/12 of 96-hour TLm.
For continuous exposure — maximum 3—72 of 96—hour TLm.
<25 mg/kg (dry weight basis)
 






































































































































































































































































































































































































































































































































































































































































































US Drinking Water Standard




Fish and Aquatic Life
Ontario Provincial Criteria
Consumers of Fish and Aquatic Life

















not to exceed 1/10 to 1/100 of 48-hour TLm
5 ug/g in edible portion of fish.
  
DDT PLUS METABOLITES
Fish and Aquatic Life
Proposed Agreement Objective




1.0 ug/g in whole fish on a wet weight basis.






Fish and Aquatic Life
Proposed Agreement Objective
In unfiltered water sample should not exceed 0.08 ug/Z.



















































































































































































































































































































































































































































CRITERIA, STANDARDS, OBJECTiVES, AND GUIDELINES
DISSOLVED OXYGEN (cont’d.)
Fish and Aquatic Life (cont’d.)
Wisconsin State Standard
Ontario Provincial Criteria
5.0 mg/R except trout (6.0 mg/l), and 7.0 mg/R in spawning season.
Warm water biota — at all times should be above 5.0 mg/l.
Cold water biota - spawning areas not less than 7.0 mg/l.
Cold water biota — other areas not less than 6.0 mg/l.




Warm water biota — between 4.0— .0
Cold water biota — be
tween 5.0-6.0 mg/Q
DISSOLVED SOLIDS




Michigan State Standard (all waters) Monthly average — not to exceed 500 mg/Q.
At any time - not to
exceed 750 mg/i.
Monthly average - not
to exceed 500 mg/2.







Fish and Aquatic Life





















US Drinking Water Standard
















































































































Michigan State Standard (all waters)
Wisconsin State Standard











































































































































































































































































































































































































































































































Fish and Aquatic Life
Proposed Agreement Objective

































US Drinking Water Standard




























































not to exceed 1/10 to l/lOO of 48-hour TLm
































Canadian Drinking Water Objectives
Objective:
Acceptable:
















undissociated H23 should not exceed 0.002 mg/l.










US Water Quality Criteria (filterable)
Desirable:
Permissible:
Canadian Federal Guidelines (dissolved)
Objective:
Acceptable:






US Drinking Water Standard












































































































































































































































































































































































































































































































































































































































































































































































































































Fish and Aquatic Life








































































































































































































































































































































































































































































































































































































































MIREX Consumers of Fish and Aquatic Life
FDA Guideline































































































US Water Quality Criteria (plus nitrite)
Desirable:
Permissible:












US Drinking Water Standard












































































































































































































































US Water Quality Criteria


















Ontario Provincial Marine Construction


















Free from floating de






















(3) Can form deposit































Fish and Aquatic Life
Proposed Agreement Objective Unspecified nonpersis
tent toxic substances
should not be present
in
concentrations which
exceed 0.05 of the me
dian lethal concentra
tion
(96-hour LCso) for an

















objective has been pr
oposed, the concentra
tion in water should
be






































































































































































































































































































































any sensitive local species.


























should be substantially absent.
0.001 mg/l. Also, wa
ters should be substa
ntially free from obj
ectionable
taste and odour for a
esthetic reasons and
should not cause redu
ced




















































































































































































































































































































































































































































































































































Consumers of Fish and Aquatic Life
Proposed Agreement Objective
FDA Guideline






Fish and Aquatic Life
US Water Quality Criteria
absent
PYROCATECHOL
Fish and Aquatic Life
US Water Quality Criteria
absent
PYROGALLOL
Fish and Aquatic Life
US Water Quality Criteria absent
QUINONE
Fish and Aquatic Life







Objective for 168 hour week:
Acceptable for 168 hour week:






























































































































































































































































































































































































































































































US Drinking Water Standard











































































































































































































Fish and Aquatic Life (Cont'd)








































































































































































































































US Drinking Water Standard













































No change to adversely affect use.
Recommends no desirable temperature.
Recommends no desirable temperature.
increase <15Co
(1) Loags which wou
ldwarm recgiving wat
ers should not be mor
e ghan
3 F for inland lakes
, 5 F for warm water




(2) Loads which woul
dwarm receiving water
s higher than monthly
maximum.











































































































































































































































































































































































































































































































































































no objectionable odour; any odours present should be removed.
Minnesota State Standard
Threshold odour number - 3
Wisconsin State Standard
materials producing odour in such amounts shall not be present.
Drinking
water
Ontario Provincial Drinking Water
Objectives





















to exceed 200 mg/2.
Proposed Agreement Objective
















































Monthly average not to exceed 500 mg/2.



































































Ontario Provincial Marine Construction
Guidelines
<l,000 mg/kg (dry weight basis)
l,000—2,000 mg/kg (dry weight basis)
>2,000 mg/kg (dry weight basis)











Fish and Aquatic Life






Ontario Provincial Marine Construction
Guidelines
Sufficiently low to avoid nuisance conditions.
absent
<420 mg/kg (dry weight basis)
420—650 mg/kg (dry weight basis)
>650 mg/kg (dry weight basis)














































US Drinking Water Standard















not to exceed 1/10 to
























US Drinking Water Standard

























































































































































<50,000 mg/kg (dry weight basis)
50,000—80,000 mg/kg (dry weight basis)
>80,000 mg/kg
(dry weight basis)
60,000 mg/kg (dry weight basis) loss on ignition at 600°C (organic
content)
  
 PARAMETER USE AND AGENCY CRITERIA: STANDARDS; OBJECTIVES; AND GUIDELINES
ZINC
Rum Hater



















US Drinking Water Standard
5 mg/l







Ontario Provincial Drinking Water
Objectives
5.0 mg/2
Fish and Aquatic Life
Proposed Agreement Objective
Total zinc in unfiltered water sample should not exceed 30 ug/l.
Canadian Federal Guidelines
Incipient Lcso values for rainbow trout range from 490 to 6700 ug/2
as total hardness ranges from 10 to 1000 mg/ﬁ; criteria factor is 0.1 of
LCso value. TH Zn
10—1000 mg/R 4.9-67.0 mg/l
Ontario Provincial Criteria





<90 mg/kg (dry weight basis)
Moderately Polluted:
90—200 mg/kg (dry weight basis)
Heavily Polluted:







































































































































































































































































































































































































Quality Criteria 1972", Ecological Research Series, U.S. Environmental
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































    
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































i 9. pH - no units
1 10. Sulphate - mg SOu/ﬁ
   
